Colombo is a city surrounded by a large and interconnected system of natural wetlands. These wetlands which have historically provided a range of water services to the city are now believed to be threatened by degradation due to the recent changes in the urbanization patterns and urban lifestyle in Colombo. This paper presents a study on the current state and recent trends in surface water quality in a selected segment of these wetlands. The study was carried out as a part of a broader multidisciplinary research. The paper consists of a historical analysis of trends in surface water quality parameters and situation analysis of short term spatial and temporal water quality variation in the study area. The research identified that water quality parameters indicating domestic wastewater related pollution showed an increasing trend during the study period. BOD, Phosphates and Fecal Coliform were recorded in levels exceeding the accepted ambient water quality standards. Concentrations of several heavy metals were also above the ambient water quality standards. A distinct difference was observed in water quality between peripheral areas and internal water ways of the wetland. All evidence directs towards severe water quality degradation in the wetland dominated by domestic waste discharges and scattered solid waste dumps. This condition may lead to a nutrient enrichment of the wetland and cause biological and physical responses that may affect adversely on the water services provided.
INTRODUCTION
Wetlands offer a wide range of ecological services in both rural and urban contexts (Ravit et al. 2004) . In an urban environment every aspect of water movement through a landscape -quantity, dynamics and quality -is affected by the urban process (Leopold 1968 ). This will impact the ecosystems such as urban wetlands, leading to a potential breakdown of water services offered by such ecosystems. Breakdown of water services offered by natural ecosystems can incur substantial economic costs in an urban setting and may also lead to urban disasters (Emerton and Bos 2004) . Surface water quality is an important concern in this fragile setting. Within the current literature on urban wetlands, biotic and soil parameters are used dominantly in determining the ecosystem health (Ehrenfeld et al. 2004; Ehrenfeld et al. 2008; Ullah and Faulkner 2006; Wright et al. 2008) . Availability of information on surface water characteristics of degrading urban wetlands is moderate (Ehrenfeld et al. 1991; Kansiime 2007 ). The dominant contaminants under different urban settings and their spatial and temporal variation should be understood in order to analyze the possible connections of surface water quality and common ecological problems in urban wetlands such as nutrient enrichment and proliferation of invasive species.
Colombo, the commercial capital of Sri Lanka has many freshwater wetlands (mainly marshes) in its vicinity. They have provided water and environmental services for the city and suburbs for centuries. Reports indicate that rapid urbanization accompanied by weak urban planning has caused a steady degradation of these wetlands in the past 15-25 years (CEA 1994; MoFE 2001) , threatening the sustainability of the services provided. This paper presents the initial step of a comprehensive multidisciplinary study on the ecological change in the Colombo Flood Detention Area wetlands. It investigates the surface water quality in a selected section (Kolonnawa Marsh) of this wetland system by analyzing both primary and historical data. Although few past research projects highlighted a general degradation of surface water quality in the study area (CEA 1995; CEA 1994) , they failed to identify the dominant pollutants or establish any spatial or temporal trends. The objective of this research was to understand the spatial-temporal variation of water quality and the nature of surface water pollution in the wetland system after year 2000. The paper also discusses possibilities of long term nutrient enrichment (Brenner et al. 2001; Craft and Casey 2000) in the wetland based on trends in surface water quality.
MATERIAL AND METHODS

Description of the study area
According to the Wetland Site Survey Report prepared by the Central Environmental Authority of Sri Lanka (CEA 1994) , Colombo Flood Detention Area (CFDA) is mainly constituted by three wetlands, namely Kolonnawa Marsh (214.3 ha), Heen Marsh (87 ha) and Kotte Marsh (95 ha). Kolonnawa Marsh was selected for the detailed investigation of water quality. The geographical location of the CFDA is between Lat. 6 0 52' 55''-6 0 52' 45'' and Longt. 79 0 52' 35''-79 0 55' 15''. These wetlands are a combination of shallow water marshes and shrub wetlands. Average elevation of the CFDA wetland area is between 0.3-0.7 m above sea level but the surrounding basin has hilly areas with significant height differences of 20-25 m above sea level (CEA 1994) . There are many natural waterways in the interior of the wetland and upland boundaries are marked by peripheral canals, most of which are manmade.
Data collection and analysis
The study was carried out in two phases. First was the analysis of historical data to study the trends in water quality variation in the wetland during the 2000-2005 period where a notable change in the wetland habitat and morphology has taken place (CEA 1994) . Secondly an intensive investigation was carried out on present status and spatial distribution of surface water quality in the study area. Analysis of historical data: For the historical analysis the data had to be obtained from the only available continuous water quality study carried out in the study area by the Sri Lanka Land Reclamation and Development Corporation (SLLRDC). Nine water quality parameters; BOD, COD, DO, pH, Turbidity, electrical Conductivity, Ammonia, Spatial and temporal water quality variation in the main waterway: Nine water quality parameters -Dissolved Oxygen (DO), BOD, Turbidity, NO 3 -N, PO 4 -P, Faecal Coliform content, Total Solids (TS), pH, Temperature -were measured in 4 selected points in the main waterways of the wetland (Point 1,2,3 and 4 in fig 01) . Point 1,2 and 3 are the only hydrological interfaces of the marsh with surrounding wetlands. Point 2 is the mid point of the main waterway through the wetland. Sampling was done monthly through a period of 12 months.
Comparison of surface water quality in the internal waterways and peripheral canals: Water quality in 10 points of the wetland (points 1-10 of Fig 01) was studied. The exact positions of the sampling points were randomly selected from a numbered grid of the map of each sub-catchment. Altogether 6 points in the internal water ways and 4 points in the peripheral canals were sampled. The sampling was done monthly. Parameters tested were; DO, BOD, Turbidity, NO 3 -N, PO 4 -P, Fecal Coliform content, pH and Temperature. 
Sample Collection and Testing
All samples were collected in plastic sampling bottles, immediately transferred to the laboratory and filtered using Watman 934AH filter paper. DO and temperature were measured at site using a YSI 55-12 FT dissolved oxygen meter. Methods stipulated in the APHA Standard Methods for Examination of Water and Wastewater -16 th Ed (APHA 1985) was followed in testing BOD 5 (20 0 C), Faecal Coliform -MPN method, Total Suspended Solids, and Total Solids. NO 3 -N, PO 4, and Total-N were measured using HACH DR-180 colorimeter. Following methods were used for color development; NO 3 -N: Cadmium Reduction Method, PO 4 : Ascorbic Acid Method (APHA 1985) . Heavy metals -Pb, Mn, Cd, Cr and Cu were measured using atomic absorption spectrometry. BOD 5 and Faecal Coliform were tested on the same day of sample collection. For all other tests, the samples were kept under refrigeration (4 0 C) with or without acid preservation (pH < 2.0).
Quality Control and Statistical Analysis
AC/QC procedures were maintained by calibrating all the field and laboratory equipment used at the specified intervals, correct preservation and storage of samples, testing of blanks and suitable replication of measurements. Fecal coliform was measured using the MPN method and for all the other laboratory tests, one in every ten samples was measured in triplicate to identify any inconsistencies in the process. Microsoft Excel was used for data management and the statistical analysis was done using SPSS (ver 13.0) software. Mainly non-parametric tests were used in hypothesis testing (Chapman, 1996) . Factor analysis was done with factor extraction using the method of principle component (Borovec 1996) and USGS seasonal-Kedal method was used to identify long term trends.
RESULTS AND DISCUSSION
Analysis of Historical Data
Historical analysis was done on water quality records of the outlet point of the marsh from 2000 -2005 (Point 4, fig  1) . Table 1 gives the mean, max and minimum for each parameter and compared with a relevant standard for that parameter. It can be observed from the table that parameters indicative of domestic wastewater pollution (Metcalf and Eddy 2001) such as BOD 5 , ammonia and PO 4 -P deviates significantly from the standards indicated. DO is also critically lower than the indicated threshold value, which is typical of any highly polluted water source (Metcalf and Eddy 2001) . NO 3 -N, electrical conductivity, Temperature and pH are all below or nearly at the stipulated threshold limits.
BOD 5 , ammonia and electrical conductivity showed moderate positive trends and NO 3 -N showed a strong negative trend when a seasonally decomposed trend analysis with a scatter plot smoothing (water level) was carried out using SeasonalKendall test (Hesel et al 2002; Hesel et al 2006) on the same data. This indicates that when the seasonal fluctuations and influence of water level variation are removed BOD 5 , electrical conductivity and ammonia content of the water at the outlet of the marsh has moderately increased with time, whereas NO 3 -N concentration has strongly decreased during the 2000-2005 period. All the other parameters did not show any trend.
A correlation matrix was also developed on the same data, where Pearson's R, Spearman's Rho and Kendall's ζ were calculated for each parameter. Instances where parameters showed a correlation with a confidence level smaller or equal to 0.1 in all three correlation coefficients were taken as a strong correlation. BOD 5 , ammonia, PO 4 -P and electrical conductivity had strong positive correlations with each other and strong negative correlations with daily rainfall in the marsh area and daily water level (at point 4 Fig. 01 ) during the same period. NO 3 -N concentration had weak negative correlation with BOD 5 , ammonia and electrical conductivity. The correlation patterns also show a relationship with the parameters which indicated significant trends in the trend analysis.
Finally a factor analysis was carried out to clearly identify the dominant set of parameters which account for the greatest variability (Zeng and Rasmussen 2005; Borovec 1996) . Table 02 and 03 gives Eigen values and factor correlations (factors extracted based on the theory of Principle Component without a rotation). 1 st factor accounts for 39% percent of the total variance; therefore it is the most significant factor. Only Eigen values >1 were used in the analysis because the factors having Eigen values smaller than 1 makes no significant contribution to the descriptive ability (Kaiser 1960) . As in the case of trend and correlation analyses the variables BOD 5 (r = 0.889), ammonia (r = 0.864) and PO 4 -P (r = 0.740) which are all indicative of domestic wastewater related pollution show strong positive correlations with this factor (Table 03) . Dissolved oxygen (DO) shows a moderate negative correlation (r = -0.580) with this factor. The variables (parameters) which are less characteristic of domestic pollution such as turbidity, pH, NO 3 -N and temperature are correlated with the less significant factor 2 and factor 3.
All historical evidence point towards severe surface water quality degradation in the study area, predominantly by pollutants of domestic rather than industrial origin. It can also be illustrated from the Seasonal-Kendall trends of BOD 5 , Ammonia and NO 3 -N that this pollution trend has been intensifying during the past years. (Cowardin, 1979) 
Present Status of Surface Water Quality in the wetland
Spatial and temporal water quality variation in the main waterway
Since the historical data was only available for a single point of the downstream end of the wetland, it was necessary to carry out a comprehensive water quality investigation with wider spatial coverage in the main waterway (4 points monthly tested for 12 months [2007] [2008] . Table 4 gives the median and 25 th and 75 th percentile values of each parameter. These values resemble the historical data set (SLLRDC) of the water quality at the outlet of the marsh. The 25 th percentiles of BOD, PO 4 -P concentration and fecal coliform level far exceed the relevant threshold values of 6 mg/l, 0.1 mg/l and 1000 nos per 100 ml respectively (Table 04) . Median DO content is also below the threshold value of 6.0 mg/l, which is once more characteristic of any water source highly contaminated by organic pollutants (Metcalf and Eddy 2001) . On the contrary the 75 th percentile values of Temperature, pH and NO 4 -N are well within the threshold limits given in Table 06 . Mann-Whitney test was used to identify pair wise differences among water quality parameters. Only dissolved oxygen level showed a significant difference among all 4 points (α = 0.01). However point 1 showed significant differences from other points with regard to fecal coliforms (α < 0.025), NO 4 -N concentration (α < 0.025) and turbidity (α < 0.05). This may be due to the fact that Point 1 was close to the main surface water inlet of the marsh from the adjoining Parliament Lake, which is a relatively less polluted water body. Apart from above exceptions the spatial variation of water quality in the main waterway of the marsh at all points studied was statistically insignificant. (SLSI,1985) Cu, Mn, Cd, Cr and Pb are identified as the major heavy metal contaminants in both surface and ground water in and around Colombo (Gunawardane 2002; MoFE 2000) . The concentrations of these heavy metals were also measured in 3 sampling points in the wetland as a preliminary study. Table 04 shows that apart from Mn all other heavy metals tested were found in amounts exceeding the stipulated threshold limits in some sampling points. This indicates inorganic pollution, possibly by industrial sources. However during the study it was found that there were no major industrial operations going on in the area apart from the government central oil storage in the downstream end of the wetland and few medium scale vehicle servicing stations. There were 11 vehicle servicing stations which discharge about 5 -15 m 3 /d of partially treated wastewater directly or indirectly to the wetland. The heavy metals may also originate from the scattered domestic solid-waste dumps in the area. The study identified four sites where solid waste (mainly of domestic origin) was disposed illegally. There are two landfill sites (0.5-1 ha) used earlier by the Local Government Authorities to dispose solid waste into the wetland, which are now closed. The typical urban domestic solid waste contains material such as dry batteries, paint containers, empty pesticide bottles/cans and electronic waste which may leach heavy metals in the long run (Arceivala 2004) . However, carrying out a quantitative analysis of heavy metals levels in the wetland and their origin was beyond the scope of this research.
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Comparison of surface water quality in the internal waterways and peripheral canals An ordination using Principal Component extraction was done to understand the difference of overall water quality between in the internal waterways and peripheral canals. Factor scores of the two most significant factors for each collection point were plotted against each other in a scatter plot to identify whether there is a distinct separation of data points (Darville et al 1998) . Fig 2 illustrates that the collection points in peripheral canals (triangle markers) and internal waterways (circle markers) are distinctly separated. Table 6 gives the median values of each water quality parameter for peripheral canals and internal waterways separately. It also gives the significance level of pair-wise differences between deep water points and shallow water points for each water quality parameter calculated using Mann-Whitney U test. Table 6 shows that Faecal coliform, Turbidity, BOD and Phosphates are observed in higher levels in peripheral canals, whereas DO and Nitrate levels are higher in internal waterways. Therefore it can be safely deduced that there is a statistically significant difference in water quality parameters between internal waterways and peripheral canals of the wetland. This can be due to the reason that the peripheral canals (upland boundary of the wetland) would initially receive the domestic wastewater and natural attenuation function of the wetland contributes to improve the quality of water flowing through it to the internal waterways (Sutharesan 2001). 
Possibilities of nutrient enrichment in the wetland
The analyses presented in this paper strongly point towards a severe pollution of the Kolonnwa Marsh ecosystem mainly by organic pollutants. The values of BOD 5, ammonia and PO 4 -P either exceed or equal the values of similar highly degraded urban waterways/lakes polluted by urban domestic discharges in Sri Lanka and South Asia (CEA 1994; Nippon Koei 1991; Bhat et al 2009) . Input of domestic waste high in organic content into a wetland system can potentially lead to nutrient enrichment.
Nutrient enrichment is the retention of nutrients in the inflows such as surface water flows, groundwater flows and precipitation and accumulation within the wetland ecosystem (Brenner et al 2001; Craft and Casey 2000) . The spatial variation of water quality parameters among peripheral canals and internal waterways confirms a degree of retention of pollutants in the wetland. This may lead to negative environmental impacts such reduced bio-diversity, proliferation of invasive vegetation and alteration of soil physical properties in the wetland (Keddy 2000) . Such impacts can adversely affect the water services offered by the wetland. 
CONCLUSION AND RECOMMENDATIONS
The information presented above discloses that surface water quality of CFDA (Kolonnawa Marsh) deviates significantly from established standards for ambient water quality. It can be showen statistically (factor analysis) that the dominant pollutants (PO 4, BOD 5 , FC, ammonia) are of domestic origin. Spatial distribution of water quality parameters shows that pollutants concentrations are higher and statistically distinguishable between the peripheral and internal waterways, which is an indication of water quality improvement and nutrient retention functions of the wetland. However there are significant long term trends of increase in BOD 5 , electrical conductivity and ammonia during the recent years, indicating that water quality conditions are deteriorating with time. A brief investigation of heavy metals also shows a deviation from ambient water quality standards for certain metals. The long term increasing input of nutrients and organic pollutants can lead to a nutrient enrichment in the wetlands and rapid eutrophication. The effect of harmful heavy-metal levels can break the resilience of the ecosystem, expediting these conditions. Biological and physical responses to nutrient enrichment in a wetland such as proliferation of invasive vegetation, siltation and changes in hydraulic patterns can effect adversely on the water services provided by it. Therefore study indicates that conditions more damaging than a mere degradation surface water quality is imminent within CFDA. A detailed study on the present state of nutrient enrichment and potential ecological responses in the study area is recommended. Such study should carefully investigate the anthropogenic causal factors which have induced the current situation. A proper intervention to mitigate wetland degradation and protect the water services can only be designed based on these investigations.
